Electron transport through [normal metal]-[quantum dot]-[topological superconductor] junction is studied and reveals interlacing physics of Kondo correlations with two Majorana fermions bound state residing on the opposite edges of the topological superconductor. When the strength of the Majorana fermion coupling exceeds the temperature T , this combination of Kono-Majorana fermion physics can be observed: The usual peak of the temperature dependent zero biased conductance σ(V = 0, T ) splits and the conductance has a dip at T = 0. The height of the conductance side-peaks decreases with magnetic field.
Introduction: Recent theoretical investigation of topological materials reveals that topological superconductors can host Majorana fermions [1] [2] [3] [4] [5] [6] [7] [8] . Specifically, Majorana bound states (MBS) reside at the ends of a 1-D topological superconductor (TS). Interest in the physics of Majorana quasiparticles is due to their non-Abelian statistics [9] . Hopefully, MBS can be realized on the 1-dimensional edge of a 2D quantum spin Hall insulator with proximity induced superconducting gap [10, 11] , or at the ends of a one-dimensional semiconducting wire with spin-orbit coupling, in proximity with an swave superconductor [3, 5] . In both cases a 1D TS is formed. Two Majorana fermions can form a neutral Dirac fermion, but detecting it requires non-local measurements. Yet, it was suggested [12] [13] [14] that MBS can be probed in tunneling process, namely, a local measurement that is sensitive to interference between various MBS. Motivated by the above analysis, we consider electron tunneling through an N-QD-TS junction composed of normal metal lead, quantum dot and 1D topological superconductor. As was already noted, the TS hosts two MBS on its ends [15, 16] . Consequently, within a reasonable approximation, the tunneling problem is reduced to that of transport in an N-QD-MBS junction. Our interest is focused on the interrelation between the Kondo physics prevailing in the quantum dot and the MBS physics prevailing on the TS. The analysis is naturally divided into the weak (T ≫ T K ) and strong (T < T K ) coupling regimes, where T K is the Kondo temperature. The effect of a magnetic field acting on the dot (through a Zeeman term) is also analyzed since it is an important for obtaining the 1D TS. We start our analyzes with the weak coupling limit which can be studied by the perturbation theory The Hamiltonian of the junction 
The definitions are as follows: γ i (i = 1, 2) are Majorana fermion operators satisfying γ i = γ † i , γ . The Kondo coupling constant to the normal metal is J L = 2|t| 2 /|ε|, and
T is the normal lead electron operator at x = 0. In Nambu representation, the coupling between the quantum dot and Majorana states is given by a vectorV i = (λ ↑ , λ ↓ , λ * ↓ , −λ * ↑ )
T . The Pauli τ -matrices act on (c σ ; λ σ ) and (c † σ ; λ * σ ) blocks. Below we put λ ↑ = λ, λ ↓ = −iλ [16] . Finally, the operator Q is the Numbu space extension of the exchange interaction
where s is the operator of electron spin. Keldysh actions and Green's functions (GF): The current operator is defined as the time derivative of number operator of the normal metal leadĴ = edN L /dt and takes a formĴ
Within the Keldysh perturbation technique, the normal metal free electron action reads,
where g −1 k is the inverse GF for lead electrons. For later manipulations, the GF of the lead integrated over momentumḡ =
Here all entries are 4 × 4 diagonal matricesḡ
where f (ω) is the Fermi distribution function. We also use the GF matrix in rotated Keldysh basisg = Kḡρ z K −1 (here Pauli matricesρ act in Keldysh space and
. To facilitate computation we consider the energy gap ∆ of the superconductor as the highest energy scale in the problem. Then for low applied voltage eV < ∆ in the weak coupling limit T ≫ T K only zero-energy Majorana operator projection of the total quasiparticle operator in the superconductor is important [16, 18] .
To average the product of dot spin operators we express them in terms of mixed Dirac (f, f † ) and Majorana (η x , η y , η z ) fermions [17] :
In the diagrammatic representation of Fig. 1 below we use Keldysh GF for these fermions,
The Majorana fermion action in Keldysh space follows from Eq.(2) to zero order in tunneling to the dot is,
Here the inverse matrix GF , the Keldysh components of the matrix GF for Mojorana fermions at the ends of TS follow from Eq.(2) are given by
Non-linear conductance: The calculation of the current diagrams ( Fig. 1 ) is straightforward. The conductance σ = dJ dV to the second order ( Fig. 1) upper row) is, 
In the Zero field limit (B → 0) the function R(B) → 1.
There is a clear separation between potential and spin scattering. We also note that the temperature dependence of the non-linear conductance is quite distinct from the standard behavior of the quantum dot between normal leads. This is due to the resonance form of the Majorana GF. The third order contribution to the conductance includes large logarithmic terms, that is the hallmark of the Kondo effect in a tunneling system with topological superconductor. Only these terms are retained,
where K(B) = κ(B) + κ(−B) and
incorporates dominant logarithmic terms.
Here D denotes a high energy cut-off which corresponds to the band width in the normal lead. The two terms ( 10,13) are combined to yield the total conductance in the weak coupling limit,
where σ ex is given by the term in the square brackets multiples by 3. When B → 0, K(B → 0) = L(2ν) and the total conductance becomes
In Fig. 2 the total non-linear conductance is displayed as function of the applied voltage. Two distinct peaks are resolved as the coupling energy ν of the Majorana fermions exceeds the temperature, a fact which has natural explanation. This is one of the central results of the present study since it combines the Kondo and Majorana fermion physics, and encourages experimental activity in searching a realization of Majorana fermions. Under magnetic field the heights of the peaks decrease and reveals more complicated structure of σ(V ). We can identify Kondo correlations also by studying the temperature dependence of the zero bias conductance G t . This is shown in Fig.3 . We notice that G t in Fig.3 correlates with Fig. 2 : for small temperatures where ν > T the total zero biased conductance displays a dip, which is replaced by a sharp rise as temperature grows and exceeds ν The strong coupling regime: At T < T K we use the mean field slave boson approximation (MFSB) to estimate the zero bias tunneling conductance. As in the weak coupling limit we neglect the continuous spectrum above the superconductor gap. In addition to the conditions ∆ ≫ T, eV, T K we assume the inequality Γ S < Γ where Γ S is the tunneling width into the superconductor. In this case contribution to conductance that originates from the continuous spectrum is proportional (at resonance) to
that is very small indeed [19] . The Kondo temperature
is determined solely by interaction with the normal metal lead. Indeed, in the weak coupling limit (T ≫ T K ) MBS effectively represent the topological superconductor. The poor-man scaling renormalization group equations in this case read,
where J LR = 2t|λ|/|ε|. The solution of these equations defines the above expression for the Kondo temperature and the conductance,
where
Actually the RG equations (18) show that Kondo instability is related to the normal lead while the impact of resonance tunneling through the MBS on T K is irrelevant. We also notice that the scaling invariance of the exchange part of the conductance dσ ex /d ln D = 0 is in agreement with the second RG equation (18) . Thus if T ≤ T K , then, unlike the case T ≫ T K , the condition ∆ ≫ T K has to be supplemented by the inequality Γ S < Γ in order to justify the small contribution of the continuous spectrum of the superconductor.
To analyze the strong coupling limit of the N-QD-MBS
is the inverse dot total GF. We keep only first order in quantum field θ q which is enough to calculate current. Here G f andΓ are matrices of the same form in Keldysh space:Γ =
with entries as retarded, advanced and Keldysh components. The dot inverse GF G −1R f 0 = σ 0 ⊗ (i∂ t −ετ z ) describes the noninteracting level with energy shift ε →ε = ε+η c . The term Γ of the total quantum dot GF is the principal contribution. We defineΓ below and derive an expression for the average current. Differentiate ln Z f and performing the trace in Keldysh space we get a compact formula
Here
is the Majorana GF of γ 1 state.
From Eq. (23) we can obtain all entries The MFSB approximation is more reliable in equilibrium where V → 0. Therefore, we consider below the temperature dependence of the zero bias conductance for different couplings between two MBS. In equilibrium the mean field equations for boson field b 0 and Lagrangian variable η q can be obtained by minimizing the free energy F on these two parameters.
In Eq.(25) the last term is the slave boson part of the free anergy that is the result of constraint. The Matsubara GF of the dot G f can be easily be obtained from G R f (ω). Due to the condition Γ S < Γ and T K ≪ ∆ the contribution of continuous spectrum above the superconducting energy gap can be neglected. The mean field equations are
(26)
The first equation (26) 
where G 0 = 2e 2 /h, and the real functions u, v are defined from u(x) + iv(x) = x/[(x + iδ) 2 −ν 2 ]. Pertinent dimensionless parameters are: the interaction energy of Majorana fermionsν = ν/T , the tunneling rates Figure 4 displays the linear conductance versus temperature for two values the Majorana fermion coupling energy ν and |λ| 2 = ΓT K /8. The zero biased conductance as function of temperature displayed in Fig. 4 , reflects the similar dependence in the weak coupling limit T > T K shown in Fig. 3 . In both cases, if ν < T , smearing starts at lower temperature and correspondingly the peak in the conductance shifts toward lower temperatures.
Conclusion:
Keldysh technique has been employed to calculate the linear and non-linear conductance in a system consisting of a quantum dot connected to a metal lead on one side and 1D TS hosting Majorana bound states on the other side. The dot was tuned to the Kondo regime. Under certain approximations the whole system is reduced to N-QD-MBS tunneling system in both the weak (T ≫ T K ) and strong (T < T K ) coupling limits. The conductance has two peak structure if the coupling energy ν of MBS exceeds the temperature. Under a constant magnetic field, Ziman splitting occurs on the dot and reduces the heights of the peaks. The magnetic field may result in a more complicated structure of non-linear conductance peaks. Renormalization group analysis is performed in the weak coupling limit while the mean field slave boson approximation is used at T < T K . Our analysis shows that in an attempt to probe the features of MBS physics, the role of the Kondo effect is decisive. It is manifested by the occurrence of a strong temperature dependence of the zero bias conductance, and exposes distinct behavior of the non-linear conductance as compared with that of the simpler N-MBS tunnel junction. 
